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Abstract 
Generation of collimated, quasi-monoenergetic electron beams (peak energy ~17-22MeV, 
divergence ~10mrad, energy spread ~20%) by interaction of  Ti:sapphire laser pulse of 
200fs duration, focussed to an intensity of ~ 2.1×1018 W/cm2,with an under-dense 
(density~3.6×1019 to ~1.1×1020cm-3) He gas-jet plasma was observed. Two stages of self-
focusing of the laser pulse in the plasma were observed. Two groups of accelerated 
electrons were also observed associated with these stages of the channeling and is 
attributed to the betatron resonance acceleration mechanism. This is supported by 2D PIC 
simulations performed using code EPOCH and a detailed theoretical analysis which 
shows that present experimental conditions are more favorable for betatron resonance 
acceleration and generation of collimated, quasi-thermal/quasi-monoenergetic electron 
beams. 
Keywords: Laser Plasma Electron Acceleration, Betatron Electron Acceleration, Laser 
self focusing, Laser Channeling 
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 Laser driven plasma based electron acceleration is seen as a potential candidate for 
development of future compact accelerators. In this regard, laser wake-field acceleration 
(LWFA) technique [1-5] has been successfully used for generation of high-quality quasi-
monoenergetic (QM), near GeV and more than GeV energy electron beams using “bubble 
regime” [6-15] where a short duration laser pulse such that pL cτ λ= ≤  is used,where L is 
laser pulse length, c is speed of light,τ is FWHM (Full-width at half-maximum) pulse 
duration, and pλ is plasma wavelength. On the other hand, generation of QM electron 
beams of few tens of MeV energies have also been demonstrated by self-modulated laser 
wake-field acceleration (SM-LWFA) [16-23] at comparatively higher plasma densities 
(  pL λ>> ), by using laser pulses as long as 90fs, where it was suggested that small laser 
pulselets formed due to self-modulation could create bubble regime conditions [16]. The 
earlier reported experiments with comparatively longer laser pulses (few hundreds of fs to 
ps) have shown generation of relativistic electron beams through SM-LWFA but with 
broad continuous spectrum [24-27]. Another possible mechanism of betatron resonance 
acceleration (resonant transfer of energy from the laser field to the oscillating electrons in 
laser channel i.e. direct laser acceleration: DLA) in similar conditions was proposed by 
Pukhov et al. [28,29]. There is only one dedicated experimental report by Gahn et al. 
[30,31] from underdense gas jet plasma target and one theoretical report by Tsakiris et al. 
[32] on betatron resonance acceleration. In some other reports on DLA e.g. Mangles et 
al., [33] and also in some reports on SM-LWFA [34-36] applicability of this mechanism 
has been discussed. Recently, generation of non-Maxwellian electron beams accelerated 
by DLA in near critical plasmas produced using few nm thick targets has also been 
reported [37]. 
In this letter, we report an experimental study on electron acceleration along with 
channeling of a ~200fs duration Ti:sapphire laser pulse, focussed to an intensity of 
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~2.1×1018 W/cm2, in an under-dense He plasma produced from a 1.2mm long gas-jet 
target (plasma density~3.6×1019 to ~1.1×1020cm-3). Although overall electron spectrum 
was quasi-thermal, generation of prominently two groups of electron beams was observed 
with peak energy in the range of 8-10MeV and 15-25MeV,with divergence ~10-20mrad. 
Further, in many shots, generation of single QM electron beams (peak energy~17-
22MeV, energy spread~20%) was also observed. The two groups of accelerated electrons 
are associated with the observed two stages of laser self-focusing and channeling. 2D PIC 
simulations using code EPOCH [38] along with detailed theoretical analysis, and also PIC 
simulations reported by other groups in similar experimental conditions [28-30], suggest 
applicability of betatron resonance acceleration mechanism. Studies on betatron 
resonance electron acceleration in laser plasma interaction is desirable and of interest for 
betatron radiation generation associated with this particular regime of electron 
acceleration [39], and not much experimental work has been reported in this area. Further, 
characteristics of electron beams generated is also imporatnt, as it may be pointed out 
here that generation of QM electron beams using such long (200fs) laser pulses in 
underdense gas-jet plasma where dominant acceleration mechanism is betatron resonance 
acceleration have not been reported earlier. 
 The experiment was performed using a 150TW, 25fs Ti: sapphire laser system. The 
pulse duration was stretched to ~200fs (power ~15TW) by changing compressor gratings 
separation, thereby introducing a slight positive chirp in the laser pulse. The experimental 
set up used was similar to that used in our previous studies [23]. The laser pulse was 
focused using an f/5 off-axis parabola to a focal spot size of ~25×12 μ m2, half width at 
1/e2 of the maximum, (peak intensity ~2.1×1018 W/cm2, normalized laser vector potential 
a0~1). The Rayleigh length (ZR) was estimated to be ~180 μ m. A supersonic He gas-jet 
target was used (slit nozzle: 1.2mm×10mm) with plasma density of ~3.6×1019cm-3 to 
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~1.1×1020cm-3. DRZ phosphor screen was used as an electron detector and a magnetic 
spectrograph (diameter: 50mm, pole gap: 9mm, peak magnetic field: 0.45T) with a 
resolution of ~10% at 10MeV and ~20% at 20MeV (for a beam divergence of 10mrad) 
was used to measure electron energy. A 6mm thick aluminum plate placed before the 
phosphor screen blocked the laser and also electrons with energy below~2.7MeV. A 900 
side scattering imaging on a 14 bit CCD camera with 5X magnification was used to study 
the laser propagation. 
Generation of relativistic electron beams was studied by varying the plasma density 
for a fixed laser intensity of ~2.1×1018 W/cm2. Collimated electron beams in the forward 
direction were observed above a threshold plasma density of ~3.6-4×1019cm-3 (Fig.1a). 
For density of up to ~7×1019cm-3, similar electron beams with full angle divergence of 
~40mrad (FWHM) were observed (Fig.1a (i) and (ii)). At higher density, the overall beam 
divergence increased (~120mrad), however an intense central spot was still seen (Fig.1a 
(iii)). 
Electron spectrum recorded has a quasi-thermal distribution and showed generation 
of electrons with peak energy of ~8-10MeV. Most of the times, a second group of 
electrons with comparatively higher energy of ~15-25MeV was also seen. Typical 
electron beam spectra recorded for various plasma densities are shown in Fig.1b, and a 
typical raw image of spectrum for electron density of ~1.1×1020cm-3 showing multiple 
groups of electron beam formation is shown in the inset of Fig.1b. Maximum electron 
energy extended upto ~30MeV (at 10% of the peak energy amplitude value). With 
increase in plasma density, slight increase in the peak energy of electrons was observed 
for both the group of electrons. Interestingly, in several shots, single highly-collimated 
(divergence ~5-10mrad) QM electron beam (peak energy ~17-22MeV, energy spread 
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~20%) was also observed (Fig.1c). Inset in Fig.1c shows a typical raw image of such 
spectra at a density of 8×1019cm-3. 
Relativistic self-focusing and guiding of the laser pulse inside plasma was observed 
for the range of plasma density used. A typical laser created channel for plasma density of 
6×1019cm-3 at a fixed laser power of 7.5TW is shown in Fig.1d. Initially as the laser pulse 
enters plasma, self-focusing of the laser is observed which slightly defocuses (bulging of 
the channel) for a small distance followed by a further self-focusing in the later stage of 
propagation. Average channel radius (FWHM) increases from initial ~4-5 μ m to ~6-
10 μ m in the middle and then converges to ~4 μ m at the end. The total laser-plasma 
interaction length observed was ~450 μ m (~2.5ZR). In some of the shots a slight bending 
in the later part of the laser channel was observed and associated with it two electron 
beams were observed on the phosphor screen (without magnet in the path) as shown in 
Fig.1e. Otherwise, for the straight channels single electron beam profiles as shown in 
Fig.1a were observed. 
One of the possible mechanisms of electron acceleration in laser channels 
for pL λ> is SM-LWFA. Considering which for the highest density of 1.1×1020cm-3 
dephasing limited maximum energy of the electrons is expected to be only ~5MeV. Also 
energy should decrease with density [5]. In contrary maximum energy upto ~30MeV, 
along with an increase in the electron energy with density was observed (Fig.1b). Further, 
earlier simulations carried out for the similar experimental conditions have shown that the 
wake-fields are effective only at the foot of the laser pulse [29,30], signifying dominant 
electron acceleration mechanism of betatron resonance acceleration [30]. Next, we have 
observed electron acceleration for high values of P/Pc (9-28), consistent with earlier report 
suggesting that for betatron resonance acceleration P/Pc should be greater than 6 [28]. The 
above discussion suggests that the SM-LWFA may not be applicable in the present case. 
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Moreover, observation of quasi-thermal (Fig.1b) and QM (Fig.1c) electron beams is also 
in contrast to the continuous electron spectrum obtained through SM-LWFA using 
hundreds of fs laser pulses [24-27]. During the present experimental campaign SM-
LWFA regime was also achieved when the pulse duration was reduced to ~55fs showing 
stable generation of QM beams similar to our earlier observation [23], and various other 
reports [16-22]. 
To understand the applicable acceleration mechanism and to support experimental 
observations we performed a 2D PIC simulation using code EPOCH [38]. The simulation 
was modeled with a simulation box of 450µm× 60µm, grid size of λ/20 and 30 particles 
per cell. Laser pulse of 200fs duration and intensity of 2×1018 W/cm2, propagating along 
x-direction with polarization along y-direction enters the simulation box from left and 
interacts with plasma having a linear density ramp (0 to ne=7×1019cm-3) of 100µm 
followed by a constant density of ne for further 350µm. Fig.2a ((i)-(iii)) shows the 
electron density profile at different time steps in laser propagation direction which clearly 
shows channel formation associated with relativistic self-focusing. Immediately after 
entering, the plasma self-focusing of laser pulse occurs (for initial ~150µm plasma length 
with channel radius of ~4-5µm is observed (Fig.2a (i)). In the middle of the plasma 
channel defocusing of the laser pulse occurs (channel radius to ~8-10µm) as shown in 
Fig.2a (ii). Finally a second stage of laser self-focusing occurs (channel radius~4µm) 
during remaining part of ~150µm of laser propagation inside plasma (Fig. 2a (iii)). This is 
consistent with the experimentally recorded laser channels as shown in Fig.1d. For entire 
self-focused region of the laser propagation, generation of laser-driven wakefield is not 
observed, except at the middle of the propagation where slight defocusing and a 
modulation of the laser pulse is observed (Fig.2b), that too within a small portion at the 
front part of the laser pulse, (Fig.2c) and which also could not sustain in the later stage of 
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propagation. Hence in the present case applicable mechanism could only be betatron 
resonance acceleration. Fig.2d ((i)-(iii)) shows Px (momentum) vs x (propagation 
distance) at different time steps corresponding to channels shown in Fig.2a. 
Corresponding to ~100-150µm of laser propagation in the two stages of self-focusing, we 
observe two stages of acceleration of electrons with ~18MeV in the first stage and 
enhancement of electron energy upto ~50MeV in the second acceleration stage along with 
formation of multiple electron bunches and appearance of quasi-monoenergetic features 
as marked by red circles in Fig.2d (ii) & (iii). This is consistent with the observed two 
groups of electrons with quasi-monoenergetic feature experimentally. Two groups of 
electrons are associated with the above described two stages of the laser channeling. The 
first group of electrons with peak energy of ~8-10MeV (Fig.1b) is accelerated in the first 
stage of the laser channel. Higher energy electrons (~15-25MeV) are generated due to 
acceleration in the later part. Mangles et al., [33] have also reported through simulation 
two stages of electron acceleration in case of DLA where enhancement in the electron 
energy was attributed to the magnetically constricted part of the laser channel in the later 
stage of the propagation. Observation of two electron beams associated with bending of 
laser channel in the later part of laser propagation as shown in Fig.1e above also supports 
this process. 
Further, we plot the variation of normalized maximum transverse laser field 
(eEy/mcω) and longitudinal wakefield (eEx/mcωp) along the propagation distance 
(Fig.3a). This shows that during the entire propagation length laser field is higher 
compared to the wakefield. Separate contribution of the maximum transverse (γy) and 
longitudinal (γx) energy gain ( ( ) ( )2 20 0
2 2,
t t
y y x x
y x
ep E ep Edt dt
mc mc
γ γ= − = −∫ ∫ ) to the total energy 
gain 2 1 x yγ γ γ= + + were studied and plotted along the propagation distance (Fig.3b). 
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This shows that γy from the laser field (DLA) is much greater than γx and also the gain is 
significantly higher in the later stage of propagation. The variation of γy with total γ 
follows a straight line with slope close to 1, thereby emphasizing the dominant 
contribution of DLA over wakefield to the total energy gain of electrons inside the 
channels (Fig.3c). Increase in the longitudinal momentum with distance also shows 
electrons oscillating in the laser field gain transverse momentum by resonant transfer of 
energy from the field, which is converted to longitudinal direction via v ×B force. Our 
simulation results are consistent with the previous simulations reported by Gahn et al. 
[30] in similar experimental conditions and also Mangles et al. [33], both suggesting 
betatron resonance acceleration mechanism of electrons. 
Next, we performed a detailed theoretical analysis of betatron resonance 
acceleration in our experimental conditions to support our observations. In betatron 
resonance acceleration energy of the accelerated electronsγ  with phase φ  is given by 
[32]: 
0
2 0
cos
2
xA
b
z
eA vd
d
mc kv
φγ
φ ω
ω
γ
= − ⎛ ⎞
− −⎜ ⎟⎜ ⎟⎝ ⎠
                                             (1) 
Integrating Eq. (1) we get ( ) 1sinF P Cγ φ= − + , where F(γ ) is given by, 
( ) ( ) 2 1 1/2 00
0
11 1 cos 2
1
bF ωγ γ η α γ η γ
ωγ α
−
= − − − + −
−                       
(2) 
Here A0 is the electric field amplitude, xAv and m is the on axis velocity and rest mass of 
the electrons,ω is the laser frequency, 0b bω ω γ= represents the bounce frequency of the 
oscillation, /( )k cω η= is the wave number, ( )( )1/21/22 2 201 / 1 / 2p aη ω ω −= − + is the ratio 
of group velocity of the laser in plasma to that in vacuum, 2 2 2 1/2( )1 1/ / 2z xAv c v cγ= − − is 
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the axial velocity of electron, 0 / 2xAP a v c= , 1 0 0( )C F Psinφγ= +  is the integration 
constant, 0γ is the initial energy of electrons, and 0φ is the initial phase of the wave seen by 
electron, and 2 20 / 2xAv cα = . Fig.4a shows the plot of F(γ ) vs γ for   0.983η =  (average 
value for the density range used). 
Next, separatrix (γ vs φ) was plotted (Fig.3b) using equation [32]: 
( ) ( )min 1F F P sinγ φ− = −                                           (3) 
Where Fmin is the minimum value of F obtained from Fig.4a.The largest value of the right 
hand side of the above equation is equal to 2P. Therefore, a horizontal line was drawn in 
Fig.4a at a height of 2P from Fmin, which cuts the F(γ ) curve at two points R and S which 
corresponds to the bottom and top of the separatrix (Fig.4b) respectively. The cross points 
of the separatrix occur atγ = optγ . Fig.4a and 4b show that the maximum energy acquired 
by a trapped electron is~34MeV (γ (S) ~67.5), close to the energy observed in the present 
experiment. 
Further, the transverse energy gain γT of the electrons in the combined fields of the 
laser and the static fields of the laser channel, is given by [32]: 
2 2 2 (1/2)1 / (1 )[ (1 ) ]T Q Qη η ηγ = − − + + −                               (4) 
where,  
2 2
2 2
0 0
1 1
22 2 2
20 0 0
0 0
11 1 1 1
2 2
T Tx x
r rca a rQ e eω πη γ γ
ωηλ η
−
−
⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞⎢ ⎥⎜ ⎟ ⎜ ⎟= + − + + − − − +⎜ ⎟⎢ ⎥⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦
      (5) 
Here, xT is the turning point radius (the maximum transverse amplitude of oscillation), r0 
is laser focal spot, cω is the cyclotron frequency, and λ is laser wavelength. In Fig.3c we 
have plotted Tγ vs xT/r0 showing significant energy gain from lower electron oscillation 
amplitude in our case compared to the other previous reports [30,32,33]. This suggests 
that in the present experimental conditions significant energy gain occurs from regions 
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very close to the laser channel axis, where the laser intensity also remains constant to its 
peak value. This is because of comparatively larger laser focal spot used in the present 
experiment. Hence, our experimental conditions are more favorable for generating 
collimated electron beams through betatron resonance acceleration mechanism. 
Finally, we discuss the observation of quasi-thermal/QM features by estimating the 
dephasing length (Ld) using equations: 
1
2
0
0
1
2
20
2
cos
11
ad
d
α
γ φξ
α γ
⎛ ⎞⎜ ⎟⎝ ⎠
= −
⎛ ⎞
− −⎜ ⎟⎝ ⎠
                                             (6) 
0
1
2
1
2
20
1
11
b
d
d
ω
φ ωγ ηξ
α γ
−
= −
⎛ ⎞
− −⎜ ⎟⎝ ⎠
                                               (7) 
Here, /z cξ ω= and z is the propagation distance. Ld was estimated by plottingγ  vs z with 
initial conditions at 0ξ = , / 2φ π= + Δ , where 0.02Δ = , and 0γ = optγ . For the range of 
plasma density used Ld was in the range of 100-200 μ m (as shown in Fig.4d for 
0.983η = ). The maximum channel length of ~450 μ m was observed in the present 
experiment, but as discussed above, the acceleration occurred in the two stages of laser 
channeling and observed channel lengths of ~100-150µm in both the stages are 
comparable to Ld, hence leading to bunching of the trapped electrons and appearance of 
quasi-thermal/QM features in the electron beam spectra. Gahn et al. [30] and recently 
Toncian et al. [37] have reported observation of quasi-thermal/non-Maxwellian energy 
distribution through DLA. 
In conclusion, we have observed collimated (≤40mrad), relativistic electron beams 
of up to ~30MeV energy by betatron resonance acceleration mechanism through 
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propagation of a 200fs duration Ti:Sapphire laser pulse in under-dense (plasma 
density~3.6×1019 to ~1.1×1020cm-3) helium plasma target. Generation of QM (ΔE/E~10-
20%) electron beams with peak energy of ~17-22MeV was also observed with such long 
laser pulses. 2D PIC simulations showed that dominant acceleration mechanism of 
electrons is DLA. Further, our observations were supported and explained using detailed 
theoretical analysis of betatron resonance acceleration mechanism. The study could be 
useful towards betatron radiation generation [40,41] in laser plasma channel associated 
with direct laser accelerated electrons [38]. 
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FIG.1. Experimental results. (a) Typical electron beam profiles (white curves shows the lineouts in horizontal 
and vertical directions). (b) Quasi-thermal electron beam spectra at different densities. Inset shows the raw 
image of a typical spectrum at 1.1×1020cm-3 showing multiple groups of electron beam formation. (c) Quasi-
monoenergetic electron beam spectrum. Inset shows a typical raw image. (d) A typical laser channel recorded at 
6×1019cm-3. White arrow shows laser propagation direction. (e) Observation of two electron beams (Frame-i) 
due to bending of laser channel in the later part of propagation (Frame-ii). Density: 5×1019cm-3. White dotted 
lines show axes of two stages of laser propagation. 
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FIG.2. 2D PIC simulation results using EPOCH code. (a) Electron density profiles along x at different time 
steps (i) 760 fs, (ii) 1040 fs, (iii) 1600 fs. (b) Normalized laser electric field along x at 1040 fs. (c) Normalized 
longitudinal wakefield along x at 1040 fs. (d) Normalized Px vs x at different time steps (i) 760 fs, (ii) 1040 fs, 
(iii) 1600 fs. Red circles in (ii) & (iii) mark the appearance of quasi-monoenergetic features.  
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FIG.3. (a) Variation of laser electric field and longitudinal wakefield with propagation distance. (b) Variation of 
maximum transverse (γy) and longitudinal (γx) energy gain along propagation direction. (c) Plot of γy vs γ. 
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FIG.4. Analytical results. (a) F(γ) vs γ plot. (b) Separatrix of trapped (red) and untrapped (blue) 
electrons. (c) Transverse energy gain (γT) vs xT/r0 for conditions of Tsakiris [32] (a0=3, η=0.98, 
γ0=1.81 and r0=1.6μm), Gahn [30] (a0~1.42, η=0.953, γ0=1.81 and r0=7.5μm), Mangles [33] 
(a0=15, η=0.999, γ0=1.81 and r0=3μm) and present experimental conditions (a0~1, η=0.983, 
γ0=1.81 and r0=12.5μm). (d) Energy gain of electrons (γ) vs propagation distance (z) of trapped 
(red solid line) and untrapped (blue dashed lines) electrons. Other parameters for present case: 
ωb0/ω=0.2, α0=0.03 and P=0.0625. 
